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Abstract 
The Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) is undertaking Australia’s first geosequestration 
research and demonstration project in the onshore Otway Basin, south-eastern Australia, in order to demonstrate transport and 
geological storage of carbon dioxide (CO2), test scientific and regulatory concepts relating to CO2 storage and evaluate public 
response through stakeholder engagement. 
Stage one of the CO2CRC Otway Project (the Project) has successfully injected over 65,000 tonnes of CO2-rich gas (80% carbon 
dioxide; 20% methane) into a depleted natural gas reservoir. An exhaustive data set of pre- and post-injection monitoring 
information has been collected across the atmospheric, near-surface and sub-surface domains.  These monitoring results have 
been largely consistent with the modelling predictions thereby adding confidence to both the approach and validity of the sub-
surface realisations.  Public confidence has benefited from this and allowed the CO2CRC to look at exploiting new opportunities 
at the Otway Project site that serve to optimise the existing infrastructure.  
Otway Stage two is based on injection into a heterogeneous formation with no apparent structural closure with the principal 
objective of understanding trapping mechanisms in deep saline formations.  A research program has been developed adapting the 
“Huff and Puff” technique to better understand the key parameters impacting residual trapping.    
The key challenges faced by the Project have been both technical and legislative. These have included getting the original project 
approved in the absence of legislation dedicated to carbon storage and managing the transition of these multi-jurisdictional 
legislative approvals to the new carbon storage legislation passed by the Victorian State Government in 2008. 
The Otway Project has provided the Victorian Government with a valuable practical case study from which to draw learnings for 
developing policy and regulatory frameworks for carbon capture and storage (CCS).  As the Victorian Government brought 
Australia’s first standalone carbon storage legislation (based on petroleum legislation) into operation in December 2009, some 
unique insights have been identified through the Otway Project. These include an understanding of stakeholder perception 
through the Project’s community engagement activities and more recently, on how an existing research and demonstration project 
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could be bridged to a newly introduced legislative regime.  Other jurisdictions with CCS projects are likely to find these project-
based learnings of great value, particularly, in developing regulatory frameworks and a risk communication strategy.    
The Otway Project is currently Australia’s only active storage project and in addition to performing important storage research, is 
a key driver for enhancing community confidence towards CCS.  These are all critical considerations for accelerating commercial 
deployment of CCS and the Project is playing an important part in turning research into reality. 
   
We summarise Stage one of the project, capture the knowledge gained and describe the approach taken in Stage two to utilise the 
sub-surface and infrastructure available to address key research questions while continuing to build public confidence for CCS as 
a mitigation mechanism. 
© 2010 Elsevier Ltd. All rights reserved. 
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1. Introduction 
Geological sequestration is a technology for reducing atmospheric emissions of carbon dioxide (CO2) with the 
potential to geologically store a significant proportion of Australia’s point source CO2 emissions.  Coming largely 
from the power generation sector, these emissions comprise almost 50% (or approximately 280 million tonnes of 
CO2 per annum) of Australia's total greenhouse gas emissions.  Under the Australian Commonwealth Government- 
initiated National Carbon Mapping and Infrastructure Plan, the Carbon Storage Task Force in its report identified 
carbon dioxide capture and geological storage (CCS) as the technology having the greatest potential to mitigate 
greenhouse gas emissions from large-scale fossil fuel usage [1].  The report also expressed confidence in the 
Australia’s potential storage capacity, especially in saline formations, while recognising that the critical path for 
large scale deployment is the identification and development of suitable storage reservoirs. Public support for 
projects (particularly onshore) was also considered a key element, if CCS is to be developed at a large scale. 
Stage 1 of the CO2CRC Otway Project, underway at present, has the objective to demonstrate that injecting and 
storing CO2 is a safe and efficient option to reduce emissions under Australian conditions and build community 
confidence for the technology.  The project is researching storage in a depleted gas field as described in Sharma et al 
[2] and has successfully injected over 65,000 tonnes of CO2-rich gas (80% carbon dioxide; 20% methane) on the 
down-dip flank of a fault bounded Waarre-C reservoir formation. In a complex permitting regime, storage of 
injected CO2 at the Otway site is being regulated by the Research Demonstration and Development (RDD) provision 
of the Victorian Environment Protection Act 1970. The conditions attached to the RDD approval are in the form of 
Key Performance Indicators (KPI’s), which were proposed to the Environment Protection Authority (EPA) [3].  The 
Otway Project had nominally intended to inject up to 100,000 tonnes under its Stage 1 work scope, but no specific 
injection volume was defined in these KPI’s, recognising that the ultimate injection volume would be guided by the 
monitoring and modelling results. These monitoring results have been largely consistent with the modelling 
predictions thereby adding confidence to both the approach and validity of the sub-surface realisations. Public 
confidence has benefited from this and has allowed the CO2CRC to look at exploiting new opportunities at the 
Otway Project site leveraging the existing infrastructure to the optimum. 
Stage 2 is based on injection into a heterogeneous formation with the principal objective of understanding trapping 
mechanisms in saline formations. The Paaratte Formation represents a typical target, with no clear structural closure, 
and low, medium and high permeability sands thinly interbedded with intra-formational sealing lithologies.  The 
Paaratte is a non hydrocarbon- bearing formation and has been the subject of limited study resulting in uncertainty 
associated with modelling this reservoir.  Because there is generally no proven closure in the formations, it is very 
important to understand how effectively CO2 can be immobilised and over what period.  A constraint placed on 
Stage 2 activities was that they should in no way limit the existing program underway in Stage 1in order to ensure 
that the outcomes and commitments made as part of satisfying the EPA permitting conditions are not jeopardised.   
c⃝ 1 Published by Elsevier Ltd.
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2. Monitoring Activity for Otway Stage 1    
The design of the Project’s comprehensive Monitoring and Verification (M&V) plan is based on site 
characterisation, risk assessment and meeting the regulatory requirements including community expectations.  As 
described by Dodds et al [4], key monitoring activities are determined in the sub-surface, near-surface, surface and 
atmospheric domains, in order to detect migrating CO2 and verify performance of predicted behaviour.  Monitoring 
emphasis and frequency vary depending on the project phase, which also defines trigger points and contingency 
actions, should the storage site not function as anticipated. 
2.1 Environmental M&V - the Assurance Programme 
Atmospheric measurements: CO2, carbon-13, methane concentrations and CO2 fluxes have been measured 
continuously at the atmospheric stations on site, and flask samples taken periodically and analysed for tracers.  Data 
collection commenced in 2006 and the overall dataset has not identified unusual CO2 concentration levels occurring 
in the vicinity of the site, which are variable because of the proximity to biological and industrial sources.  During a 
controlled release from the Naylor well in December 2009, the CO2CRC scientists were able to detect a release rate 
at the level of about 30 kg/hr of mixed CO2 and methane, or approximately 250 tonnes/year. 
Groundwater measurements: Samples are taken from groundwater bores within a 10 km radius around injection well 
CRC-1  approximately every six months from 21 shallow wells in the Port Campbell Limestone and 3 relatively 
deep wells in the  Dilwyn aquifer. There are now five sets of pre-injection samples and four post-injection sets, the 
most recent from March 2010. Samples are analysed in the field for pH (acidity), electrical conductivity (dissolved 
salts), temperature, dissolved oxygen, redox potential, reduced iron and alkalinity. Headspace gas samples have also 
been collected in the deep water wells to determine background levels of tracer compounds used to mark the 
injected CO2.  The time-series plots for individual elements show the seasonal and non-seasonal variations but are 
relatively stable suggesting no evidence of the injected CO2 in any of the potable aquifers.  
Soil gas measurements: Samples are regularly taken from selected locations in an approximately 11 sq km grid 
around the injection site.  Seven sampling campaigns have been conducted since monitoring began in mid-2005, the 
most recent being in March 2010.  Samples are analysed for their molecular composition (CO2, CH4).  A subset of 
samples are also analysed for isotopic composition as well as hydrogen and helium.  The soil gas chemistry is 
indicative of organic matter decomposition and no anomalies indicating deep subsurface gas migrating to surface 
have been detected.   
Micro-seismics: The deep micro-seismic array installed as part of the Naylor-1 well completion [3], lost sensitivity 
in mid-2009 and the monitoring is now done with the backup system installed in a shallow water bore. The system 
steadily records a few small events per day, but these show no trends with injection pressure. 
2.2 Sub-surface M&V - the Containment Programme 
Sub-surface geochemistry: The fluids sampling programme, undertaken through the integrated U tube assembly in 
Naylor-1, provides a very direct check on the modelling of the plume migration. Fluid samples are collected through 
three U tubes installed in Naylor-1 as shown in Figure 1.  U tube 1 is in the gas cap whereas U tubes 2 and 3 are 
below the gas water contact (GWC). Analysis of the collected samples helps in understanding the fluid evolution 
and changes in the CO2-rich plume in the Waarre-C formation.  The three tracers injected in the first pulse are CD4
(perdeuterated methane), SF6 (sulphur hexafluoride) and Kr (krypton).  A second pulse of SF6 and R-134a (1,1,1,2-
tetrafluoroethane) was injected on 21 January 2009.  Underschultz et al [5] explain how the concentration of CO2
and tracers in each U-tube has evolved differently due to their location relative to the gas cap and gas-water-contact. 
The arrival of CO2 and tracers at Naylor-1, within the predicted window of migration times, gives confidence in our 
understanding of the behaviour of CO2 in the sub-surface.   
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Table 1: U tube results chronology   
Figure 3: Multi-sensor arra 
  m RT 
U1 Top 2028.8 Gas cap 
 Bottom 2029.4 
U2 Top 2041.8 Just below 
GWC 
 Bottom 2042.4 
U3 Top 2046.3 ~5 m below 
GWC 
 Bottom 2046.9 
Injection start 18 March 08 Day =  0 
Tracer first pulse 
injection 
4-5 April 08  17 
U2 first 
breakthrough 
17 July 08  121 
U2 self lift 11 September 08  177 
U3 self lift 15 January 09  303 
Tracer second 
pulse injection 
21 January 09  309 
                                                                                                                        Figure 1: Well schematic  
Injection has now ceased, giving the plume a chance to stabilise.  Sampling is continuing; allowing measurements to 
be obtained that are reflective of a more natural unperturbed state in the Waarre-C trap. 
Sub-surface geophysics: Seismic monitoring to image the plume injected in depleted gas fields is very challenging 
since the change in elastic properties caused by the injected CO2 is very subtle and difficult to measure.  To detect 
CO2 within the reservoir and any leakage that might occur into overlying formations, conventional 4D seismic 
methods were used. Detection of changes in the elasticity of a reservoir rock caused by CO2 injection at around 2 
km depth requires a significant difference in the seismic response, a high degree of survey repeatability and a high 
signal-to-noise ratio. As described by Pevzner et al [6] multiple data sets have been acquired to determine 
repeatability and full 3D data sets pre-injection, mid-injection and post-injection of CO2 are available. 
Consequently, these allow very rigorous investigations which include comprehensive numerical modelling studies 
incorporating 1D, 2D and 3D simulations and field observations.    
Modelling predicted that injection of CO2 into the depleted Waarre-C reservoir would produce small (3-6%) 
impedance changes.  The geological complexity of this small reservoir presented a challenge, and the repeatability 
of land seismic is often poor.  Therefore, it was not certain that any seismic effects would be detected.  However, 
should CO2 (at the few thousand tonne level) leak into the overlying formations, its seismic signature should be very 
pronounced due to detection of a contrast in density between the CO2 and displaced formation water.  The results of 
the time lapse processing performed using the mid-injection data set (around 35,000 tonnes injected) in January 
2009 were very encouraging. As explained in the paper by Urosovic et al [7] an image of the plume could 
apparently be seen despite the very subtle changes in elastic properties of the reservoir rock expected from injection 
of CO2.  The initial results from the time lapse full 3D surface seismic and vertical seismic profile (VSP) data sets 
acquired in Jan 2010 after cessation of injection (over 65,000 tonnes injected), however did not confirm this.  
Realisations of the numerical flow simulations at the times of the two surveys have been used to predict a time-lapse 
result well below the achieved signal-to-noise level.  Apart from rock properties and the fluid distribution from 
simulation, an accurate representation of the bulk modulus of gas mixtures was developed for this prediction. The 
absence of a clear seismic time lapse response at the level of the Waarre-C reservoir is therefore consistent both with 
initial expectations and this more detailed modelling.  Efforts for direct detection of CO2 are also being considered 
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in utilisation of the vector wavefield and analysis of split shear waves, changes in polarisation direction due to stress 
change and fluid replacement in micro-cracks and/or fractures. Further processing and analysis is underway at 
present. 
The current M&V programme at the Otway Project (Stage 1) is aligned towards achievement of the EPA KPI’s as 
well as meeting the scientific objectives.  The environmental assurance monitoring programme is comprehensive 
and the sub-surface containment programme has led to encouraging results wherein congruence between modelled 
and observed data is seen. Containment is demonstrated by the consistency of the geochemical data with forward 
models.  In addition, the absence of any seismic anomalies or “bright spots” related to CO2 presence in the overlying 
aquifer (from repeat time lapse seismic) adds credibility to this conclusion.  The simple geometry of the reservoir 
then allows extrapolation of the behaviour of the CO2 plume with some confidence, and both its lateral and 
horizontal movements are predicted to be very limited.   
In June 2009, the M&V programme was reviewed for its scientific quality by an expert group convened through the 
International Energy Agency (IEA) Greenhouse Gas Research and Development Programme.  The main areas 
identified for improvement were data integration, better handling of uncertainty, and aspects of the execution and 
interpretation of the assurance programme.  Monitoring is planned to continue post injection and efforts are 
underway to better integrate the data.  This will provide essential information on changes in the post-injection GWC 
need to confirm the capacity estimation for the reservoir.  
3. Development of the Otway Project Stage 2 Concept 
The Paaratte Formation, different to the Waarre-C, is a shallower, thicker and multi-layered formation which has 
an intercalation of low, medium, and high permeability sands thinly interbedded with intra-formational sealing 
lithologies.  The Paaratte varies in thickness from about 250 to 400 m in the vicinity of the project site. Individual 
sandstone packages within the Paaratte formation have variable thickness from 1 to 15 m, good porosities in the 
range of (25-30%) but variable permeabilities (0-250md). 
The depositional environment is suggested to be a regressive marine, lower to upper delta plain by Dance et al [8] 
which is different to the braided fluvial and tidal model under which the Waarre-C was found to be deposited.  The 
complex deltaic depositional environment of the Paaratte Formation has lead to heterogeneous vertical sequences in 
which the individual sand bodies are likely to be discontinuous.  But overall, the Paaratte and the overlying Pember 
Mudstone and Massacre Shale have not been studied in the Naylor field and injecting CO2 into this laminated and 
heterogeneous reservoir presents challenges in predicting CO2 migration and in determining seal containment. 
Table 2: Characteristics of the Paaratte Formation (Stage 2) compared to the Waarre C (Stage 1) 
Characteristics Paaratte Formation Waarre C 
Type Saline aquifer Depleted gas reservoir 
Depth (top of formation) 1128 m – 1528 m 2053 m  – 2084 m 
Thickness 400 m (at CRC-1 site) 31 m (at CRC-1 site) 
Rock formations Inter-bedded sandstone and claystone Mainly sandstone with small 
horizons of shales 
Depositional environment Marine environment Incised valley fill/Braided fluvial 
system 
Structural closure Not apparent Apparent 
Presence of hydrocarbons Unlikely Yes 
CO2 trapping mechanisms Mainly residual trapping with some 
dissolution/mineral trapping 
Mainly structural trapping with some 
mineral trapping  
In an attempt to reduce uncertainties the Stage 2 effort is divided into three discrete phases.  The new well CRC-2 
has been drilled under the first phase (2A) and a full suite of well logs and over 120 metres of whole core collected.  
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This new data has been used to update the reservoir models with an improved estimation of formation and seal 
properties. It is intended to use CRC-2 as an injection and monitoring well.  
The next phase (2B) is focussed on understanding residual trapping, using an adaptation of a Huff and Puff test.  It 
has recently been shown by Zhang et al [9] that a carefully designed injection strategy can result in up to 90% of the 
injected CO2 being immediately immobilised by capillary trapping.  The mechanism is essentially the same that 
causes (unwanted) residual trapping of hydrocarbons after waterflood operations.  If realised in practice, “designer” 
capillary trapping has the benefits of reducing dependence on structures for security of CO2 storage, and achieving 
immobilisation largely within the timeframe of injection rather than over a much longer subsequent period.   
Finally, in phase 2C a limited scale injection is to be performed to ensure clear imaging and surface detectability 
using seismic techniques.  Based on the pre-injection modelling done approximately 7,000 tonnes need to be 
injected to get a clearly resolvable image with good signal-to-noise ratio based on the available seismic sources and 
data acquisition techniques [7].   
4. Legislative Complexities for the CO2CRC Otway Project  
As a pioneer, the Otway Project continues to face unique legislative challenges; initially in the absence of a CCS 
regime and subsequently in the transition phase as the new Greenhouse Gas Geological Storage Act 2008 (GGGSA) 
was introduced in Victoria. The range of Project activities in Stage 1 were approved using a combination of 
legislations following exceptional collaboration between all regulating bodies [3]. The authorities involved included: 
at Commonwealth level, the Department of Environment and Heritage; at State level, the EPA, Southern Rural 
Water (SRW), Department of Primary Industries (DPI), Department of Sustainability and Environment; Department 
of Infrastructure, Aboriginal Affairs Victoria and Country Fire Authority; and at local government level, Moyne 
Shire.  
The Stage 2 approvals were obtained by extending the existing approvals from the EPA and SRW.  The new well 
was drilled under the Water Act 1989 and the Stage 1 KPI’s as listed in Table 3 were adapted to suit the new work 
under Stage 2 and agreed with the EPA.  
Table 3: Otway Project (Stage 1) Monitoring Key Performance Indicators  
Phase Key Performance Indicator 
1 1. Establish injection and migration models and uncertainties 
1A 
1B 
2. Environmental impacts within State set guidelines for noise, emissions etc. (SEPP) 
3. Injection/Migration within model prediction bounds 
2 4. Verified stable plume within model prediction bounds 
a. Measurements show no evidence of CO2 beyond secondary containment in sink wells 
b. Air samples collected over deep water wells show no evidence of injected CO2
c. Air samples collected over sink site show no evidence of injected CO2
5. Appropriate decommissioning certificate from authorities 
3 6. No evidence of injected CO2 over 2 years 
a. Air samples collected over deep water wells show no evidence of injected CO2
b. Air samples collected over sink site show no evidence of injected CO2
4 7. No evidence of injected CO2 over 2 years 
a. Air samples collected over deep water wells show no evidence of injected CO2
As Stage 2 will involve a limited injection, the Stage 2 KPI’s focused on ensuring that pre-injection models were 
built to select the target well location and that the monitoring results were consistent with the prognosis. The 
decommissioning tasks and longer term monitoring will be rationalised across the whole project.  As in the case of 
Stage 1, the adaptive approach developed with the EPA requires injection to be stopped in the face of any 
unexplained anomalies and only restarted once a suitable explanation has been found.  Based on the limited volumes 
to be injected, it was agreed that the risk of any deleterious impact on the beneficial uses of shallower freshwater 
resources as a result of Stage 2 activities will be minimal. 
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On 29 October 2008, the Victorian Parliament passed the GGGSA which came into operation on 1 December 2009.  
This Act established an exclusive jurisdiction specifically prohibiting any sequestration activities except those 
specially permitted under the Act.  
The thinking behind key features in the Victorian legislation originate from the Otway Project including the EPA 
and SRW staying engaged through an advisory role in the approvals processes, the importance of acting in public 
interest, special access authorities, greenhouse gas infrastructure lines and criteria for surrender. The GGGSA is 
primarily based on the State’s well established petroleum legislation. 
Unfortunately, the transitional provisions did not adequately provide for research and development activities such as 
the ongoing Otway Project to be adequately covered under the Act and some potential gaps were identified, where it 
could be argued that the ongoing activities might be in breach of this newly introduced Act. After much debate, 
following a precautionary approach, regulations were passed exempting this Project from the GGGSA because it 
had already been approved under a pre-GGGSA regime.  Although the Otway Project was exempted as a special 
case, this does not mean that the requirements applied to this project would be any less rigorous than any other such 
project. The Otway Project thus continues to be regulated under the pre-GGGSA regime through a combination of 
existing Acts, principally the Environment Protection Act 1970 and Water Act 1989. 
  
5.  Community Consultation in the Otway Project 
As the first CO2 storage project in Australia, community engagement has been critical, both to the success of the 
Otway Project and in influencing broader community attitudes to CCS.  The local community is leading the country 
in understanding and acceptance of geosequestration, and will continue influencing the acceptance of similar 
projects in other communities in Australia.  
Consultation with landholders stated in 2004 and a more formal community consultation program was  initiated  in 
January 2005, while the project was still in development. The program is ongoing, with the aim of informing and 
genuinely engaging with the community and consulting them specifically on the project; from the planning phase 
through to construction and operations and, in the future, decommissioning. The consultation program was informed 
by social research and the best practice recommendations of the International Association of Public Participation 
(IAP2).  
Notable results from the research showed that the local community preferred to be informed about the project before 
the broader community and the media.  A personal approach was preferred over impersonal, large public meetings 
or finding out through the media.  While it was important to make information about the project clearly available 
and transparent to the community, it was deemed important to allow the community to initiate engagement rather 
than being intrusive through excessive documentation. One way CO2CRC met this commitment was through the 
formation of a community reference group comprising landowners and project regulators, to listen to and provide 
feedback and/or action on community issues and concerns. The group meets regularly and meetings are open to the 
public. The group enables CO2CRC to provide feedback on how community input influences relevant project 
decisions. This has deepened the level of engagement with the community and ensured transparency, accountability 
and provided the opportunity for two-way communication between the community and CO2CRC. 
The project has also employed a locally-based liaison officer, a respected small business owner with skills in 
education (ex-school teacher). The officer has become a critical communications channel between researchers, 
landowners and project operators, as well as conducting site tours and an education program. Other communication 
tools used include regular briefings, site visits for researchers, government and industry, events such as Open Days, 
regular project and CRC newsletters and online information resources. 
The Otway Project experience has influenced the inclusion of more substantial community engagement 
requirements in the Victorian GGGSA and assisted Government with developing community engagement and 
communications strategies.  Documents relating to this are available on the DPI website (www.dpi.vic.gov.au). 
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6. Conclusions   
The Otway Project has successfully addressed technical and regulatory challenges through collaboration between 
scientists, engineers, industry partners and various government and regulatory bodies.  Substantial monitoring data 
has been gathered and analysed to improve the modelling and understanding of CO2 storage.  In relation to 
legislation, the Otway Project revealed that it would be best to use a less prescriptive and more outcomes based 
approach to developing regulations. This allows for the operator to have flexibility to utilise best practice techniques 
without compromising the outcomes. It also showed the importance of ensuring the need to conduct research is 
recognised in the legislation. Perhaps one of the more valuable learnings has been in developing community 
engagement and communications strategies.  The regulators are actively involved in the community reference group, 
thereby developing a deep insight into how best to manage future projects. The Otway Project has also been 
invaluable for addressing any adverse perceptions of CCS as a viable greenhouse gas mitigation option.  
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